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ABSTRACT The SET domain-containing genes of the TRITHORAX family encode epigenetic
factors that maintain the expression of targeted genes. Trithorax homologs have been found in
both animals and plants. Since these are thought to have evolved multicellularity independently,
common mechanisms of epigenetic regulation must be evolutionarily ancient and derived from
a common ancestor. In addition, each lineage has evolved unique mechanisms to expand the
original repertoire of epigenetic functions. Phylogenetic analysis of SET domain proteins has
outlined some intriguing evolutionary trends. In plants, epigenetic gene silencing mechanisms
have been aggressively pursued. In contrast, studies of epigenetic mechanisms maintaining
active gene expression have been scarce. The goal of this review is to draw attention to this gap.
Trithorax function in plants are analyzed here in an evolutionary context tracing phylogenetic
relationships between the histone methyltransferase activities in unicellular and multicellular
domains of life. The involvement of two members of the Arabidopsis Trithorax family, ARABIDOPSIS
HOMOLOG of TRITHORAX1 (ATX1), and ARABIDOPSIS HOMOLOG of TRITHORAX2 (ATX2), in
developmental and adaptation processes of the plant is overviewed.
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Introduction
The commonly found definition of epigenetics is that of a “study
of heritable changes in genome function that occur without a
change in DNA sequence” (Bird, 2007 and ref. therein). Epigenetic mechanisms regulate a broad spectrum of processes including development, differentiation, embryonic stem cells maintenance, senescence, disease and cancer (rev. in Kiefer, 2007;
Kouzarides, 2007 and ref. therein). Unable to fully silence expressed genes or to activate completely silent genes, epigenetic
regulators maintain established states. Their ability to propagate
information of active/repressed gene states from mother-to daughter cells has defined them as bearers of the “cell memory”
(Pirrotta, 1998). However, growing evidence that neuronal geneexpression states are also regulated by epigenetic mechanisms,
despite evidence that neuronal cells do not divide, has opened
space for a broader unifying definition that keeps “the sense of
prevailing usage but avoids constraints imposed by stringently
required heritability” (Bird, 2007). Epigenetic events might reflect
“the structural adaptation of chromosomal regions so as to regis-

ter, signal, or perpetuate altered activity states” (Bird, 2007).
Known epigenetic regulators operate within a system composed of at least three different molecular mechanisms: DNA
methylation, chromatin modifications and RNA-based mechanisms, representing the “three pillars of epigenetics” (GrantDownton and Dickinson, 2005; 2006). Epigenetic (non-Mendelian) events have been recognized in plants as well: variegated
gene expression in Oenothera blandina after X-ray chromosomal
disruptions and translocations (Catcheside, 1938, 1949) is similar
to PEV in Drosophila; paramutation (Brink, 1950; Chandler and
Stam, 2004), somaclonal variation (Kaeppler et al., 2000), nucleAbbreviations used in this paper: AG, agamous; AP, apetala; ATX, Arabidopsis
homolog of trithorax; CLF, curly leaf; DAST, domain associated with SET in
Trithorax (a substitute name for FYRN- FYRC); E(z), enhansor of zeste; FLC,
flowering locus C; FYRC, phenylalanine-tyrosine rich at the C-terminus;
FYRN, phenylalanine-tyrosine rich at the N-terminus; JA, jasmonic acid;
PcG, polycomb group; PRC, polycomb repressive complex; SA, salicylic acid;
SET, Su(var)3-9, E(z), trithorax; Su(z)12, suppressor of zeste 12; SWN,
swing; TrxG, trithorax group; VRN, vernalyzation independent.

*Address correspondence to: Zoya Avramova. SBS, Beadle Center, UNL, Lincon, NE 68588, USA. Fax: +1-402-472-8722. e-mail: zavramova2@unlnotes.unl.edu
Dedication: This paper is dedicated to the memory of Roumen Tsanev, a versatile scholar, an inspiring teacher and a pioneer researcher of chromatin structure
and epigenetics. (For interview with Tsanev, see Nonchev and Tsaneva, 2009, doi: 10.1387/ijdb.082679sn).

Published online: 24 April 2009.

ISSN: Online 1696-3547, Print 0214-6282
© 2009 UBC Press
Printed in Spain

372

Z. Avramova

olar dominance (Pikaard and Pontes, 2007, and ref.therein), and
transgene silencing (Napoli et al., 1990) are epigenetic phenomena driven by molecular mechanisms similar to those operating in
animals (for recent reviews see Grant-Downton and Dickinson,
2005; 2006; Pikaard and Pontes, 2007).
The Polycomb group (PcG) and Trithorax group (TrxG) complexes have been among the best studied paradigms of epigenetic mechanisms. Expression states of homeotic genes (active
or silent) are established early in development but are maintained
and faithfully propagated throughout cellular divisions by the
counteracting activities of PcG/TrxG complexes (Grimaud et al.,
2006, and ref. therein). In contrast to animals, organ development
in plants is not restricted to the embryonic stage: the lateral organs
(leaves), the reproductive organs (flowers), and the seeds originate from the same undifferentiated meristem active throughout
the life cycle. Because differentiation and organogenesis are not
fixed in embryogenesis, it was not evident that PcG/TrxG functions would participate in plant developmental processes. However, the discovery that genes encoding PcG/TrxG homologs play
roles in development and survival strategies of Arabidopsis
changed dramatically this view. In plants, as in animals, development of a wrong organ at a wrong place (homeosis) is a consequence of a mutation of a homeotic gene. Unlike the animal
counterparts, however, the plant homeotic genes are not clustered and belong to the MADS-box family of transcription factors.
Two major classes of PcG repressor complexes, PRC2 and
PRC1, mediate formation of transcription-resistant chromatin
structure at the animal Hox genes (Grimaud et al., 2006, and ref.
therein). Plant cells are totipotent and, accordingly, plants have
developed epigenetic mechanisms that are related, although not
identical, with those used by animals or yeasts (Avramova, 2002;
Loidl, 2004). For example, PRC2 complexes of both animal and
plant origin are conserved structurally and functionally, in terms of
histone methyltransferase activity (Table 1; Chanvivattana et al.,
2004; Schubert et al., 2005); however, plant PRC1 homologs
have not been identified. Plant epigenetic silencing mechanisms
have been extensively studied (rev. in Pien and Grossniklaus,
2007; Henderson and Jacobsen, 2007; Ng et al., 2007; Reyes,
2006; Schubert et al., 2005). In contrast, studies of the plant TRX
homologs have been lagging behind. Given the tightly balanced
PcG/TrxG interaction for the control of homeotic gene, it is logical
to expect that counteracting H3K27 and H3K4-modifying activities would be regulating plant genes as well. Genome-wide
analysis has reveled that the H3K27me3 labels are distributed at
single-gene regions (Turck et al., 2007; Zhang et al., 2007a);
whole-genome H3K4me3 distribution has not been reported.
Unless more attention is shifted towards elucidating the role of the
Trithorax component of the PcG/TrxG mechanism, our understanding of epigenetic processes in plants might remain severely
unbalanced.

are ancient, existing in the Bacterial Domain of life, but have
proliferated and evolved novel functions linked with the appearance of eukaryotes (Alvarez-Venegas et al., 2007b). Because
SET-domain proteins can modify chromatin by methylating specific lysines on the histone tails (Rea et al., 2000), it is not
surprising that SET-domain genes were found in all eukaryotes,
from the simple unicellular to the multicellular animals and plants.
Whole-genome comparative analyses have revealed a positive
correlation between genome evolution, overall gene content,
organismal complexity, and functional requirements linked with
the appearance of multicellularity (Hedges et al., 2004). It was
suggested that core biological functions, common for both unicellular and multicellular organisms, would be carried out by a
comparable number of orthologous proteins, while specialized
processes unique to multicellulars would use novel proteins
(Aravind and Subramanian, 1999).
SET domain proteins have intrinsic preference for specific
histone lysine-residues; a methylation sign at a particular lysine
may have enormous consequences for the transcriptional competence of pertinent genes (Kouzarides, 2007). Intuitively, it is
expected that the numbers, types, and biochemical specificity of
SET domain proteins, as well as the patterns and complexity of
the epigenetic marks ‘written’ by them, would reflect the occurrence of novel functions. Indeed, involvement of SET-domain
genes in multicellular functions like proliferation, ontogenesis,
adhesion-mediated silencing, and disease (Sparmann and van
Lohuzien, 2006) correlates with increased numbers and SETdomain family types in the genomes of animals and plants
(Alvarez-Venegas and Avramova, 2002; Veerappan et al., 2008).
Comparisons across the unicellular and multicellular domains
of life, however, are complicated by lack of knowledge of the
ancestral SET domain genes at the branching point. The monophyletic fungal group (Ascomycetes) offers a simplified model to
trace the evolution of SET-domain genes in an evolutionarily welldefined group containing unicellular and multicellular members. It
includes the unicellular yeasts (hemiascomycetes,
Saccharomycetes, and archiascomycetes, S. pombe), as well as

Evolution of SET domain genes and histone methylation marks across unicellular and multicellular kingdoms

PRC2

The highly conserved (~150 amino acids) SET peptide is found
in a number of proteins belonging to both repressive [Su(var)3-9,
E(z)] and activating [Trithorax and Ash1] chromatin complexes
(Stassen et al., 1995). The genes encoding SET-domain proteins

TABLE 1
THE PCG/TRXG COMPLEXES IN THE THREE KINGDOMS OF LIFE
Complexes

Components

Function

PcG
animals

plants

yeast

-

-

Pc
PRC1

Psc

Establishes and maintains
repressive states*

Ph
Ring
E (z)

CLF/SWN/MEA

-

Su(z)12

EMF/VRN2/FIS2

-

Esc

FIE

-

P55

MSI1

MSI1

Core complex

(not isolated)

Compass

MLL 1-4

ATX1-5

SET1

WDR5

AT3G49660

CPS30

RbBP5

AT3G21060

CPS50

ASH2L

AT1G51450

CPS40/ CPS60

Establishes H3K27 me3*

TrxG

*For references see text.

Establishes H3K4 me3*
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the multicellular filamentous fungi (euascomycetes,
Pezizomycetes). Systematic analysis of the SET domain genes
across the entire phylum has outlined clear distinctions between
SET-domain gene collections in the unicellular and their multicellular relatives. Elaboration of multicellularity in metazoa and in
plants has been accompanied by further expansion of the numbers and types of SET-domain gene families. The majority of the
families found in the filamentous fungi are related to the families
found in extant animals and plants suggesting common ancestral
origins (Veerappan et al., 2008).
Unicellular yeasts carry histone marks, and genes establishing
them, associated mainly with transcriptional activation (Garcia et
al., 2007; Morris et al., 2007). Thus, hemiascomycetes carry only
“activating” (H3K4, H3K36 and H3K79) marks, while genes associated with silencing (SET9, MYND- SET, and Su(var)3-9) have
been lost (Dujon et al., 2004; Cliften et al., 2006). A paradigm is
the loss of the Su(var)3-9 gene, and of the respective H3K9me
mark, resulting in disappearance of the entire machinery making
heterochromatin. This phenomenon raises the important question of how yeasts silence their genes and genome domains.
Answers are suggested by the remarkable ability of yeasts to
adopt available means to achieve ends that are functionally
similar but molecularly different from mechanisms employed by
other systems. For example, S. cerevisiae assembles silencing
chromatin structure by a principally different molecular approach:
through binding of transcription factors (RAP1), of silencers (Sir1,
2, 3, 4), and a component of the replication machinery (ABF1,
ORC1) to specific DNA sequences, it effectively substitutes for
the lost heterochromatin machinery (Rusche et al., 2003). Even
more surprising is that close relatives of S. cerevisiae do not use
the same tools but have evolved species-tailored mechanisms for
achieving effects functionally similar to heterochromatin: there is
no Sir1 in C. glabrata, no Sir1 and Sir3 in A. gossypii; neither Sir
nor the RNAi-pathways are conserved in D. hansenii and none of
the S. cerevisiae heterochromatin factors was found in Y. lipolytica
(Fabre et al., 2005).
Another approach compensating for lost SET domain genes in
yeasts is taking advantage of the degree (mono-, di-, or tri-)
methylation of the lysine4-NH2- groups to achieve different transcriptional outcomes for pertinent genes (Bernstein et al., 2002;
Santos-Rosa et al., 2002). In S. cerevisiae, the amount of methyltags on the same lysine residue is a sufficient signal for recruitment of repressive or activating complexes, while the fission
yeast, the filamentous fungi, and higher multicellular systems use
additional signs, in a complex ‘code’ carried by a larger number
and diversity of histone marks.
Collectively, available data point to a great evolutionary divergence of ‘invented’ mechanisms to produce silencing effects in
systems that have lost silencing epigenetic marks.

related sequences exist in the filamentous fungi, although clustering with the animal and in plant sequences with a low bootstrap
(Veerappan et al., 2008). Furthermore, K27me3 marks were not
found in the genomes of filamentous fungi, supporting the idea
that methylation of H3K27 illustrates a chromatin mark, possibly,
associated with the evolution of highly specialized functions.
The structure of the SET domain peptides of the E(z)-type, the
loss of the postSET domains in particular, is consistent with the
appearance of a novel substrate specificity (Zhang et al., 2003).
One important difference between animal and plant E(z) proteins,
on the one hand, and the putative E(z)-related fungal proteins, on
the other hand, is the conservation of the peptide sequences
upstream of SET in animal and plant E(z) proteins. These domains are not conserved in the fungal proteins providing a
possible reason for the absence of K27me3 marks on the fungal
histone H3. The nature of the domains has not been fully resolved
but they participate in the assembly of the PRC2 complexes (Cao
and Zhang, 2004). It is interesting to note that phylogenetic
analysis clustered animal and plant E(z) proteins (with bootstrap
values of 99%, Veerappan et al., 2008) suggesting that the last
shared E(z)-ancestor containing these domains has existed before the separation of the animal and plant kingdoms. Moreover,
this common ancestor should have occurred after the separation
from the filamentous fungi; alternatively, the primordial E(z)related gene carrying the conserved upstream domains might
have been lost in the fungal lineage. Absence of E(z)-related
genes in unicellular yeasts indicates that Polycomb mechanisms
do not operate in these organisms. However, abundant H3K27me
marks were found in Tetrahymena (Garcia et al., 2007) suggesting that these marks may be serving unicellular species-specific
needs as well. It will be important to establish whether the
Tetrahymena E(z) proteins assemble Polycomb-group complexes
and whether they function similarly to their multicellular relatives.
Gene duplication has provided opportunities for the evolution
of multiple complexes with nuanced specialization of function.
Three Arabidopsis E(Z)-like proteins, CURLY LEAF (CLF), MEDEA
(MEA) and SWINGER (SWN) can assemble different PRC2-like
complexes to regulate specific processes in the plant (Table 1;
Chanvivattana et al., 2004; Makarevich et al., 2006; Schubert et
al., 2005; 2006). It is important to note also the multiplication of the
EMF2/VRN2/FIS2 proteins specifically binding the CLF/SWN/
MEA in each of the different PRC2 complexes (Table 1). The rapid
evolution of MEA has suggested neofunctionalization after the
duplication of the ancestral E(Z) homolog, supporting a later
origin of genomic imprinting within Brassicaceae species (Spillane
et al., 2007).

The appearance of the E(Z) family and of histone
H3K27me3 mark

The Set1 gene of S. cerevisiae encodes a member of the large
TRITHORAX family (named after the Drosophila Trithorax protein). The SET domain and the adjacent cysteine-rich motif
(postSET) are the two most highly conserved sequences defining
a protein’s belonging to the family (Fig. 1). Phylogenetic analysis
clearly distinguishes two subfamilies: the SET1 and the Trithorax.
Importantly, in the genomes of both unicellular and filamentous
fungi, the family is represented by a single copy of the SET1-type;
by contrast, animal and plant genomes contain multiple copies of

Given the tightly balanced activities of the Polycomb group
(PcG) and the Trithorax group (TrxG) complexes in maintaining
gene expression patterns in development, it is interesting to
analyze the evolution of Trithorax- and of EZ-related functions in
parallel. Phylogenetic analysis revealed that Enhancer-of-zeste,
E(z), genes are not present in the unicellular yeasts but E(z)-

Evolution of the Trithorax function in unicellular and
multicellular organisms
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the SET1-and of the Trithorax-subtypes.
The SET1 subfamily

A

B

The ancestral gene encoding SET1 in S. cerevisiae has been
conserved throughout the evolution and is present in all unicellular and multicellular species. The SET-postSET sequences (located at the C-terminus) are highly conserved in all proteins (Fig.
1). The upstream regions are highly conserved in
hemiascomycetes but are divergent in the SET1 proteins of S.
pombe and the Y. lipolytica. These sequences encode an RRM
(RNA-recognition motif) found also in the SET1 proteins of the
filamentous fungi and in the SET1 orthologs of animal and plant
genomes. One copy of the SET1-subtype is found in Drosophila,
two in mouse and humans (an apparent duplication), and one in
Arabidopsis (the ATXR7 gene, At5g42400). The animal and the
plant SET1-counterparts are related to the fungal SET1 proteins
and cluster within the same phylogenetic group (Veerappan et al.,
2008). Two genes in Chlamydomonas, SET1 and SET4, are
related to the yeast SET1 but, apparently, do not carry RRMencoding sequences (van Dijk et al., 2005). These SET1 and
SET4 were associated with generation of the K4me1 and K4me2/
3 marks, respectively.
Thereby, in the genomes of unicellular organisms, of filamentous fungi, and of higher eukaryotes, the SET1-related genes are,
most likely, orthologs involved in ‘core’ cellular activities not
connected with functions required for multicellularity (Aravind and
Subramanian, 1999). In a remarkable contrast, the genes from
the Trithorax (TRX) subfamily are not represented in the genomes
of unicellular and filamentous fungi. It is important to emphasize
that members of the TRX subfamily, but not of the SET1, participate in the antagonistic TrxG/PcG complexes (Table 1).
The TRX subfamily
The members of this group carry SET-postSET regions highly
related to the proteins from the
SET1-subfamily. Most likely, the
ancestral SET1-related gene has
multiplied and diversified its
structure (and, thereby, function)
after separation from the lineages carrying only the SET1
gene. Signature structural motifs of the TRX subfamily members are the PHD domains and
the FYRN- and FYRC (DAST)
domains (Alvarez-Venegas and
Avramova, 2001; Fig. 1B). The
two DAST motifs may be located
adjacently, or spread apart. The
roles of these motifs are largely
unknown but acquisition of new
Fig. 1. Architecture of the SET1- and Trithorax (TRX) subfamilies
across kingdoms. (A) Members (paralogs) of the SET1-subfamily.
Highly conserved sequences are color-coded. The less conserved RRM
domain in yeast SET1 and in the Arabidopsis ortholog (ATXR7) are shown
in paler colors. Domains are not drown to scale. (B) The Trithorax
subfamily as found in animal and plant genomes. The two major sister
groups differ by the positioning of the FYRN-FYRC domains (DAST). Two
paralogous pairs found in the fly (D.melanogaster, Dm), human (MLL4
and MLL2) and Arabidopsis (ATX1 and ATX5) genomes are shown.
Notable is the presence of conserved domains, in addition to the SETpostSET regions, in the animal and the plant representatives.
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building blocks may reflect the evolution of SET1-related proteins
in animals and plants to meet requirements for novel functions.
Thereby, the ancestor of the animal and plant TRX-lineages might
have occurred after the separation of the fungal SET1-branch, as
discussed above for the ancestor of the animal and plant E(z)
genes. Apparently, a primordial version of the antagonistic PcG/
TrxG mechanism has existed in the common ancestor before the
separation of the animal and plant kingdoms. However, whether
the ancestral E(z)/Trithorax genes have appeared in an ancestor
after the separation from the fungi, or whether these genes were
lost at the branching off from the common ancestor, are fascinating questions that are remaining open.

Evolution of the Trithorax genes in Plants
Multiplication of an ancestral TRX-gene in Arabidopsis has
produced five copies clustered in two sister groups: ATX1 and
ATX2 forming one group, and ATX3, ATX4, and ATX5 forming the
second (Baumbusch et al., 2001; Alvarez-Venegas and Avramova,
2002). In rice, one protein, XP_450166 (SDG723) is a putative
ortholog of both ATX1/ATX2, while the rice NP_913370 clusters
with the ATX3/ATX4/ATX5 sister group (Fig. 2; Ng et al., 2007).
Apparently, the divergence of the two sister groups has taken
place before the separation of the mono- and the di-cots. The
respective maize homologs (Springer et al., 2003) are available
only as short peptides and could not be clustered with confidence.
A defining structural feature separating the two subgroups is
the presence of DAST (the FYRN/FYRC juxtaposed version) in
the ATX1/2 sister group; ATX3, ATX4, and ATX5 do not have
DAST but carry an additional PHD finger. The function of the
DAST peptides is not known but its presence/absence in the plant
trithorax group underlies the segregation of the Arabidopsis
proteins into two sister clades (Fig. 2).
A subset of animal Trithorax homologs, including insects,
vertebrates, mammalian, carry juxtaposed DAST domains similar
to the ATX1/ATX2 subgroup. However, split-DAST paralogs are
present in the same genomes as well; for example, the Drosophila
protein Trithorax, and the mammalian MLL1 and MLL2 belong to
a sister group containing trithorax proteins with spread-apart
DAST motifs (Fig. 1B).
In addition to the ATX family, seven Arabidopsis proteins have
been classified as Trithorax-Related, ATXR (Baumbusch et al.,
2001). Our phylogenetic analysis, however, identified only ATXR7
as a Trithorax family member representing the Arabidopsis ortholog
of SET1 (see above; Fig. 1A); the AAN01115 protein (encoded by
the Os12g41900 gene) is the SET1 ortholog in rice. The other
ATXR proteins cluster in separate groups distantly related to
Trithorax ( Fig. 2). In contrast to an earlier report that ATXR5/
ATXR6 belong in the SET3/SET4 group of S. cerevisiae (Springer
et al., 2003) our phylogenetic analysis failed to cluster them
together. Furthermore, detailed comparative analyses revealed
that the ATXR5/6-SET domain sequences do not carry the hallmark amino acid substitutions defining the SET3 subfamily
(Veerappan et al., 2008). Enzyme activity has not been established but ATXR5 and ATXR6 differ in subcellular localization and
functions. The two paralogs interact with proliferating cellular
nuclear antigen (PCNA) and are critically involved in DNA replication, DNA repair, maintenance, and heterochromatin formation
(Raynaud et al., 2006).

Proliferation of the ATX genes illustrates an evolutionary trend
implying exclusive roles for these family members in Arabidopsis.
Gene duplication, followed by functional divergence of the resulting pair of paralogous proteins, is a major force shaping molecular
networks in living organisms. Duplicated genes involved in transcriptional regulation might have been preferentially retained
leading to the origination of a non-overlapping pathway to function
in two different cell types, developmental stages, or environmental conditions (Blank and Wolfe, 2004). Epigenetic regulators can
modulate expression of a large number of functionally linked
genes suggesting that a duplicated epigenetic factor might be
critically linked with the evolution of novel regulatory networks.
Duplicated genes (paralogs) may acquire different fates including
silencing or null mutations, partitioning of functions to complement the range of activity of the ancestral gene, or gain of
functions. The two paralogs might have parceled out the range of

Fig. 2. Maximum parsimony (MP) phylogeny of the Trithorax (TRX)
family within Arabidopsis and rice genomes. Sequences of the
proteins from the Arabidopsis and rice TRX family were used to reconstruct MP trees. Figures illustrate bootstrap values (500
pseudoreplicas;100=100%). Only bootstrap values greater than 60% are
shown. All proteins from the Arabidopsis Trithorax-Related (TRXR) family, except ATXR7, cluster separately from the ATX family showing a more
distant relationship. ATXR7 and AAN01115 are the SET1 orthologs in
Arabidopsis and rice, respectively. Proteins are identified by their given
names and respective accession numbers.
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pleiotropic functions of the ancestral gene so that each copy now
contributes a portion of ancestral activities. The latter path may
lead to full separation of functions, or neofunctionalization
(Kondrashov et al., 2002). While it is logical to expect that
paralogs encoding divergent proteins have evolved novel functions, it is impossible to predict the outcomes from duplicated
genes with highly preserved coding sequences. For this reason,
it was particularly revealing to compare the fates of the two most
closely related genes, ATX1 and ATX2.
Origin of ATX1 and ATX2 genes
The ATX1 and ATX2 paralogs have originated from a segmental chromosomal duplication (Baumbusch et al., 2001) after the
separation of the dicots from the monocots (Ng et al., 2007). ATX1
and ATX2 are 65% identical, 75% similar at the amino acid level.
The two proteins are built by similar architectural motifs. However,
homozygous mutant atx1 and atx2-mutant lines display strikingly
different phenotypes: in contrast to the early bolting and numerous flower-organ aberrations of atx1 plants (Alvarez-Venegas et
al., 2003), mutant atx2 lines did not differ detectably from the wild
type (Saleh et al., 2008b). At a first glance, the inability of ATX2
to substitute for ATX1 in the atx1 background might suggest
nonfunctionalization following the duplication: extant ATX1 continues to play the ancestral function, while ATX2 has become nonessential. Further analyses, however, revealed complex relationships between the ATX1 and ATX2 paralogs.
Promotor divergence of ATX1 and ATX2
By being expressed uniquely in different temporal and/or
spatial manner, redundant genes may acquire functional independence. Changes in cis-regulatory elements, then, might reflect steps toward functional divergence (Kondrashov et al.,
2002). In this context, the larger number (~17) of recognized
transcription factor (TF) binding ‘motifs’ in the ATX1 promotor,
compared to six at the promotor of ATX2, suggests that ATX1
expression would be controlled by a potentially larger set of TFs
than ATX2. Consistent with a divergent set of regulatory elements
driving their expression in temporally and spatially different domains, ATX1 and ATX2 display non-overlapping or partially
overlapping expression domains (Saleh et al., 2008b). In particular, double atx1/atx2 mutants in the FRI background suppressed
the late flowering phenotype more dramatically than the single
atx1 mutant suggesting that ATX1 and ATX2 play a partially
redundant role in activating FLC (Pien et al., 2008). Thereby,
selection has preserved the two structurally similar proteins with
diverged cis-regulatory sequences. Similar regulation is possible
as well, as both promotors carry putative sites for regulation by
light, UV radiation, pathogen attacks, wounding, abscisic acid,
etc.
Functional divergence of ATX1 and ATX2; non-redundant
roles of ATX1 and ATX2 in overall gene control
Regulation of homeotic genes is just one possible role for
Trithorax proteins. Estimated by the conservative Bonferroni
method restricting False Discovery Rate, 867genes (~7% of all
detectably expressed genes) changed expression in the atx1
background, consistent with the pleiotropic role of ATX1 (AlvarezVenegas et al., 2006a); about 0.7% (80 genes) changed expression in the atx2 background. These results provide evidence that

ATX2 has remained functional but with a more restricted role in
Arabidopsis. ATX1- and ATX2- regulated genes cover a broad
spectrum of similar functions. Despite this apparent redundancy,
however, cluster analysis revealed that ~60% of the ATX2targets were not shared with ATX1 representing, thus, ATX2specific targets. Within the shared 34 gene-set, 26 genes changed
expression in opposite directions; only 8 genes were co-regulated
(1 up-, 7 down-regulated). Further analysis revealed that even
within the shared set, ATX1 and ATX2 employ different mechanisms for their regulation (Saleh et al., 2008a,b).
Evolution of the H3K4 methyl marks in plants
In yeasts, SET1 is the sole activity responsible for the overall
chromatin modification and for establishing mono-, di-, and trimethyl-H3K4 marks (Bernstein et al., 2002; Santos-Rosa et al.,
2002). In Chlamydomonas, a SET1-encoded activity deposits a
K4-monomethyl mark (van Dijk et al., 2005). SET1-orthologs are
present as single copies in the genomes of the filamentous fungi
suggesting that these organisms use H3K4me-mechanisms similar to those of yeasts. By contrast, known animal and plant
Trithorax enzymes modify only a limited fraction of target nucleosomes (Alvarez-Venegas and Avramova, 2005; Wysocka et al.,
2005; Ruthenberg et al., 2007) implying involvement of multiple
K4 methyltransferases. The degree of methylated K4-NH2 groups
may serve different roles: di- or tri-methylated H3K4 are marks for
non-active, or active genes, respectively, in S.cerevisiae (Bernstein
et al., 2002; Santos-Rosa et al., 2002), while in metazoa, both
modifications label actively transcribed genes (Santos-Rosa et
al., 2002; Kouzarides, 2007). In Arabidopsis, H3K4me2 marks
are found at coding regions independent of whether the gene is
active or not; their absence from intergenic regions suggested
that H3K4me2 could be a general mark distinguishing transcribed
from non-transcribed sequences in the genome (Alvarez-Venegas
and Avramova 2005). In maize, H3K4me2 is limited to areas
demarcating the euchromatin gene-space (Shi and Dawe, 2006).
Despite the broad distribution of H3K4me2 marks in Arabidopsis
euchromatin (Jasencakova et al., 2003), no activity involved in dimethylating H3K4 marks has been identified.
ATX2 was involved in di-methylating H3K4 at selected loci
providing the first example of a K4 di-methylase separate from the
K4 tri- methylating activity (Saleh et al., 2008b). In rice, there is
one gene in the ATX1-ATX2 sister clade, suggesting that in the
monocot, one gene might be playing the roles of two genes in
Arabidopsis. Initially redundant, ATX1 and ATX2 may have evolved
through splitting the functions of an ancestral gene consistent with
neofunctionalization models (Kondrashov et al., 2002).
H3K4-trimethyltransferase activity was reported for the
Arabidopsis protein, EFS (Kim et al., 2005). Another group,
however, found that this protein displayed specificity for H3K36,
but not for H3K4 (Zhao et al., 2005). It is worth noting that the SET
domain of EFS is of a different ancestry that the Trithorax lineage,
belonging to the ASH family (Baumbusch et al., 2001).
The specific ‘language’ of the histone marks
Different biological systems have evolved different ways of
implementing the histone marks suggesting that the ‘language’ is
species-specific (Loidl, 2004). For instance, H4K20me in metazoa
may provoke a series of events leading to the formation of
heterochromatin (Schotta et al., 2004), but in S.pombe, the mark
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is a signal for DNA repair (Du et al., 2006); hemiascomycetes and
plants (Zhang et al., 2007b) are void of this mark altogether, and
SET9/Su(var)4-20 genes were not found in Arabidopsis, rice, and
maize genomes. Furthermore, there is no Polycomb homolog in
the Arabidopsis genome and a different mechanism ‘reads’ the
H3K27 modifications (Schubert et al., 2006; Turck et al., 2007). In
maize, H3K9me3 is associated with centromeres, while H3K9me2
and H3K27me3 occur in euchromatic domains, but H3K9me2
does not overlap with either H3K27me3 or H3K4me2 (Shi and
Dawe, 2006). Plants have a unique family of chromodomain DNAmethyltransferases, a unique HDAC family and differentially
modified histone lysine residues than other known chromatins
(Loidl, 2004 and ref. therein; Zhang et al., 2007b).
Despite the specific usage of the histone-tail marks, acetylated
histones and methylated histone H3 lysines 4 and 36 are generally associated with transcribed genes, while deacetylated histones and methylated lysines 9 and 27 are representing silent loci
(Kouzarides, 2007). Amounting new evidence, however, is pointing to correlations more complex than simply ‘activating/silencing’
tags. For example, deacetylation of the coding regions in transcribed genes was linked directly with active transcription and
with histone H3K36me2, a mark of actively transcribed genes
(Keogh et al., 2005); simultaneously present H3K4me3 and
H3K27me3 marks found at silent genes in embryonic stem cells
suggested that co-existing ‘activating’ and ‘silencing’ nucleosomal modifications establish a bivalent chromatin state at loci
‘poised’ for transcription later in development (Bernstein et al.,
2006). It is remarkable that the chromatin at the flower homeotic
gene locus, AG, is similarly tagged by H3K4me3 and H3K27me3
in its silent state (Saleh et al., 2007), suggesting that dual
methylations might be chromatin marks for genes involved in
plant developmental processes as well. Furthermore, Arabidopsis
genes may carry methylated H3K9, H3K27 and H3K4 in various
combinations in a gene-, tissue- or developmentally controlled
patterns. Absence of H3K4me3 tags does not necessarily correlate with low expression levels (Alvarez-Venegas and Avramova,
2005; Saleh et al., 2008b). Thereby, correlations between histone
methylation profiles and gene activity appear to be much more
complex than initially perceived. Whether histone H3-tail lysine
methylation modifications precede or trail established
transcriptionaly active states remains to be seen.

Involvement of Trithorax in development, disease response and cell signaling in Arabidopsis
Similar to Trithorax activity in animals systems, ATX1 regulates plant homeotic genes controlling flower organ formation and
organ identity. The involvement of ATX in disease-response
mechanisms, in cell signaling, and in regulating the transition from
vegetative to flowering stages illustrates the pleiotropic roles
played by the plant counterpart of trithorax.
Antagonistic PcG/TrxG functions in Arabidopsis
The Arabidopsis homolog of E(z), CLF, suppresses the expression of the flower homeotic gene AG. Derepression and
ectopic expression of AG in leaves is partly responsible for the
curly leaf and early flowering phenotypes (Goodrich et al., 1997).
In contrast, ATX1 upregulates AG; lower AG transcript levels are
associated with multiple organ malformations and earlier bolting

of atx1 plants (Alvarez-Venegas et al., 2003; Saleh et al., 2007).
Introduction of atx1-/- in the clf background, however, shifted the
phenotypes of homozygous double mutant plants towards the
wild type. Thus, loss of both ATX1 and CLF functions rescued the
single-mutant phenotypes (Saleh et al., 2007) providing evidence
for coordinate antagonistic participation of plant PcG/TrxG factors in the regulation of a shared gene locus. ATX1 and CLF
physically interact providing mechanistic basis for the observed
effects. Partial normalization of axial–skeletal transformations in
mice was also observed when Mll (a human homolog of trithorax)
and BMI-1 (a PcG component) were simultaneously deleted (Xia
et al., 2003).
At the molecular level, both H3K4me3 and H3K27me3 marks
were required for the normal suppression of AG and for establishing a chromatin state similar to the bivalent states of embryonic
stem cell chromatin (Bernstein et al., 2007). Contrary to the
expectation that absent ATX1 and CLF functions would erase the
H3K4me3 and H3K27me3 marks, there was a partial restoration
of the marks on the AG-nucleosomes in the double-mutant
chromatin. These results suggested that in Arabidopsis, PcG and
TrxG complexes function in specific pairs (Saleh et al., 2007).
Given that a functionally equivalent methylase cannot substitute
a missing relative within a complex, the model takes the specificity
one step further by suggesting that a PcG - and a TrxG-complexes
function as a specific pair to establish bivalent marks at particular
loci. Only when both complexes were missing could their roles be
undertaken by another pair. However, restored modifications
were not identical with the wild type nor did they take place 100%
of the times. These observations offer clues for interpreting
spontaneous reversals, variability and instability of phenotypes
associated with epigenetic mutations.
ATX1 in organ primordia development and organ identity
ATX1 activity is required to maintain normal levels of homeotic
gene expression during flower development (Alvarez-Venegas et
al., 2003). Homeotic transformations showing stamenoid petals
and carpeloid stamens in atx1 mutant flowers resulted from
conversions of second-whorl into third-whorl organs, and of thirdwhorl into fourth-whorl structures, respectively (Alvarez-Venegas
et al., 2003). The pleiotropy and variable expressivity of the atx1
phenotype makes it difficult to assign a developmental defect to
a particular compromised homeotic function. The phenotypes
resulting from the ATX1 loss-of-function were relatively mild, if
compared to the drastic effects of homeotic mutants themselves.
This might be related to the fact that ATX1 regulates the expression of homeotic genes with counteracting functions: for example,
lowered expression of a class C- gene could counterbalance
effects resulting from down-regulated class A and class B functions. Alternatively, atx1 does not affect homeotic gene expression uniformly but showed temporal and spatial differences,
possibly accounting for the weaker phenotype as compared to
homeotic mutations.
Transition to flowering
The FLC gene is positioned at the convergence nod of at least
four distinct pathways blocking transition from vegetative to
reproductive stage in Arabidopsis (He and Amasino, 2005 and ref.
therein). Nucleosomes of the silent FLC carry deacetylated histones (He and Amasino, 2005 and ref. therein), di-methylated
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H3K9, di- and tri methylated H3K27 (Bastow et al., 2004;
Chanvivattana et al., 2004; Schubert et al., 2005). The SET
domain containing protein, AtCZS, is involved in establishing the
HK27me2 marks (Krichevsky et al., 2007), while a PRC2-like
complex containing the E(z)-homologs CLF or SWN suppresses
FLC expression (Chanvivattana et al., 2004; Schubert et al.,
2005; 2006) even in nonvernalized plants (Wood et al., 2006). On
the other hand, nucleosomes of transcribed FLC carry di-methylated H3K4 (Bastow et al., 2004), tri-methylated K4 (Kim et al.,
2005), methylated K36 (Zhao et al., 2005) and symmetrically dimethylated H4R3 (Wang et al., 2007). Suppressed demethylation
of K4me2 paralleled an increase in FLC transcripts supporting a
link between lysine 4-methylation and transcriptional competence at this locus (Jiang et al., 2007; Liu et al., 2007). A
chromatin-based mechanism involving the histone variant, H2A.Z
(Deal et al., 2007; March-Díaz et al., 2007) controls FLC transcription illustrating the involvement of chromatin structure and
histone modifications in regulating the transition to flowering.
Collectively, the data underscore a correlation between FLC
expression state and the presence of ‘activating/silencing’ marks
on FLC nucleosomes. It was surprising, then, to find coexisting
H3K4me3 and H3K27me3 marks distributed throughout the FLC
coding sequence (Saleh et al., 2008a). Apparently, the dual
marks did not impede transcription, consistent with a model that
Trithorax may function as an anti repressor of PcG preventing
inappropriate silencing of HOX genes (Papp and Mueller, 2006).
Furthermore, the methylation pattern at the 5’-end transcription
start nucleosomes changed dynamically with changes in transcriptional activity, while the pattern on downstream gene nucleosomes remained stable throughout developmental transitions.
Similar patterns were displayed at the locus of a related MADSbox transcription factor, the AP1 locus, as well. However, the
dynamic changes at the AP1 5´-end transcription start site,
involved removal of a nucleosome in a developmentally regulated
process, while downstream regions remained stably labeled by
both K4me3 and K27me3. ATX1 is directly involved in ‘writing’ the
H3K4me3 marks on‘FLC, but not on AP1, nucleosomes indicating
that its effect on AP1 is indirect (Saleh et al., 2008a). CLF does not
seem involved in modifying either FLC or AP leaving open the
question of which EZ activity trimethylates H3K27me3 on FLC
and AP nucleosomes.
Epigenetic regulation of disease-response mechanisms in
Plants
The nucleosome-remodeling factor DDM1 (diminishes DNA
methylation) and DNA methylation are involved in plant-pathogen
interactions controlled by the BAL locus (Stokes et al., 2002).
Histone deacetylases were implicated in the JA-mediated defense-responses of Arabidopsis (Devoto et al., 2002), and histone
H3 methylation was implicated in the plants’ response to
Pseudomonas syringae (Alvarez-Venegas et al., 2007a). The
WRKY70 gene encoding a transcription factor at the cross section
of the antagonistic SA- and JA-signaling pathways (Li et al., 2004)
is a direct target of the histone modifying activity of ATX1; the
downstream SA-responsive gene, PR1, and the JA-responsive
gene THI2.1 are indirect (secondary) targets (Alvarez-Venegas et
al., 2007a). Importantly, non-induced PR1 and THI2.1 genes
displayed H3K4me3-modified nucleosomes. This observation
suggested that defense-response genes might keep their nucleo-

somes in actively modified ‘ready’ state for a quick-change in
transcription upon need. This could provide a molecular mechanism for rapid coordinated changes in expression of entire gene
networks. Nucleosomal tags, however, are not sufficient to
initiate transcription on their own: regulation by TFs is superior
to the methylation profiles in initiating gene activation or repression (Alvarez-Venegas et al., 2007a).
ATX1 links epigenetic regulation with lipid signaling
ATX1 can bind specifically the lipid messenger phosphoinositide 5-phosphate, PtdIns5P, via its PHD finger (AlvarezVenegas et al., 2006a; 2006b). Phosphoinositide phosphates
(PtdInsP) are important components of the cell lipid pool acting
as intracellular and intercellular messengers in processes
mediating plant growth, development, cytoskeletal rearrangements, and signal transduction (Wang, 2004). Existence of
diverse phosphorylated isomers creates selective means for
communication and for coordinating cell growth (Stevenson et
al., 2000). The monophosphorylated isoform, PtdIns5P, is a
distinct minor component of the cellular phosphoinositide pool
increasing its levels in response to hyperosmotic stress (Meijer
et al., 2001). It may also serve as a precursor for phosphatidyl
inositol-biphosphates, PtdIns3,5P2 and PtdIns4,5P 2, the synthesis of which also increases rapidly when cells respond to
hyperosmotic stress (Meijer et al., 2001).
The highly conserved PHD-peptide is present in many nuclear
proteins belonging in distinct families with different functions:
the PHD domain of the putative tumor suppressor (ING2) binds
PtdIns5P, and to a lesser extent PtdIns3P, while the PHD of the
repressor Mi2 did not bind any of the tested lipids (Gozani et al.,
2003). The PHD fingers of ING2 and NURF bind H3K4me3 (Li
et al., 2006; Wysocka et al., 2006). The PHD motifs of ATX1 and
ATX2 belong in a subgroup defined as extended PHD, ePHD,
conserved in all Trithorax members of animal and plant origin.
Binding of ATX1-PHD to PtdIns5P is responsible for the
intracellular location of ATX1 suggesting that its nuclear localization may depend upon factors affecting the concentration of
PtdIns(5)P. The latter might be environmentally induced (Meijer
et al., 2001) and might be under cell cycle or developmental
control (Clarke et al., 2001). A distinct set of ATX1 and PtdIns5P
co-regulated genes was identified by whole-genome expression profiling (Alvarez-Venegas et al., 2006a) providing biological relevance for their interaction. Thereby, ATX1 is not a
constitutively nuclear protein and its subcellular localization
might be a tissue or cell-specific event reflecting changes in
response to internal and/or external signals. Changes in
PtdIns5P levels might have major implications for the activity of
ATX1 and for the expression of the shared target genes. A
model (summarized below) suggests a pathway that translates
stress into altered gene expression. It involves a signal
(PtdIns5P) and a receptor (ATX1) modifying the expression
rates of targeted response-related genes (Alvarez-Venegas et
al., 2006a).

Lipid signaling is involved in functions other than a role
restricted to the plasma membrane (Jones et al., 2006; Gozani
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et al., 2003). PtdIns5P negatively affects ATX1 function linking
epigenetic regulation with lipid signaling.

Perspectives
PcG/TrxG complexes are involved in plant developmental and
adaptation processes. Current studies of plant epigenetic regulation, however, have been focused mainly on the gene-silencing
component of the mechanism. A deliberate shift in focus towards
gene-activating mechanisms would be required before we begin
to comprehend epigenetic regulation in plants. Given the low
activity of recombinant Trithorax proteins, to study biochemically
Trithorax functions in plants would require isolation of ATX binding partners and of a Trithorax complex similar to the animal and
the yeast COMPASS counterparts (Table 1; Steward et al., 2006,
and ref. therein). The finding that ATX1 and CLF interact at the AG
locus illustrated an unknown ability of a TRX homolog to bind
directly an E(z) homolog and suggested that other PcG/TrxG
specific pairs are likely to be recognized in the future. The
presence of dual activating/silencing marks (Saleh et al., 2007),
as well as the reported crosstalk between histone H2B
ubiquitylation and H3K4me3 in Arabidopsis (Sridhar et al., 2007)
illustrated features of the ‘code’ conserved in animal and plant
systems. However, given the specific modifications of plant histones (Zhang et al., 2007), uncovering correlations between
histone modifications and plant-specific ‘dialects’ would continue
to be an exciting research.
While it is clear that chromatin structure influences gene
activity, understanding how histone modifications and chromatin
remodeling are related mechanistically and how epigenetic regulators achieve control over a large number of gene targets are
among the most complex matters. Recent studies have provided
clues as to how chemical modifications of histones might control
expression at the mechanistic level. Chromatin remodelers (SWI/
SNF, RSC, ISWI, INO80, SWR1 and Mi-2/CHD groups), remarkably conserved throughout eukaryotes, are specialized multiprotein machines enabling access to nucleosomal DNA by altering the structure, composition, and positioning of nucleosomes
(rev. in Saha et al., 2006). ATP-dependent activities can remodel
chromatin by either mobilizing nucleosomes on DNA or by exchanging one histone variant for another, within the nucleosome
(Reyes, 2005 and ref. therein). Nucleosome shifting and remodeling mechanisms are, apparently, linked. For example, the foursubunit NURF complex, critically involved in development, facilitates the formation of the preinitiation complex through the remodeling of nucleosomes at the promotor. BPTF recognizes
K4me2/3 via the PHD domain of its largest subunit (Wysocka et
al., 2006) providing a direct link for the activating role of K4me at
the mechanistic level. It remains to be seen whether similar
mechanisms function in plant chromatin.
An epigenetic regulator may influence the expression of specific members even within the same family, posing a logistic
problem of how the simultaneous, selective, and finely tuned
control of a multitude of genes could be achieved. A plausible
scenario is that most downstream components of a network have
their nucleosomes appropriately modified residing in a state of
readiness for a quick response. Ultimately, their expression state
would be determined by the activity of a transcription factor
(activator or inhibitor), which would be a preferred target for

epigenetic remodeling. Thereby, epigenetic regulation may be
viewed as superimposed on primary regulatory systems, achieved
by transcription factors. Such a model provides flexibility and a
means for a rapid change in transcripts from many genes without
the need to modify individually each component (Alvarez-Venegas
et al., 2007a).
Recently, it was suggested that epigenetic systems “will not
initiate a change of state at a particular locus but would register a
change already imposed by other events” (Bird, 2007). Further
studies would be required to provide evidence for the validity of
these models and for providing an answer to the compelling
question of whether epigenetic marks are responsive or proactive.
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